Measles virus (MV) is a member of the morbillivirus subgroup of the paramyxovirus family of negative-strand RNA viruses. Measles is an acute infectious disease of childhood which remains a cause of significant morbidity and mortality worldwide, despite the existence of an effective vaccine (27) .
The basic morphologic, structural, and replicative properties of MV have been previously reviewed (23, 29) . During infection, the negative-sense 50S MV genomic RNA is sequentially transcribed from the 3' terminus into at least six species of complementary molecules which serve as mRNAs. These are translated to produce the six major virus structural proteins: the large (L) or polymerase protein; the phosphoprotein (P); the nucleoprotein (NP); the matrix or membrane (M) protein; the hemagglutinin (H or HA) protein, which is a membrane glycoprotein responsible for attachment to cellular receptors on host cells; and another glycoprotein (F), which mediates virus penetration into host cells by membrane fusion. In addition, a small polypeptide (C), whose function is unknown, is expressed in infected cells from an overlapping reading frame on a functionally bicistronic mRNA which also encodes P (5).
Integral membrane glycoproteins of paramyxoviruses, as well as those of the related family of orthomyxoviruses, are the major antigenic determinants in natural immunity and generally share three functions: receptor binding, membrane fusion and cell penetration, and receptor-destroying (neuraminidase) activity. Influenza A and B viruses encode HA molecules which combine the first two of these functions, while a distinct molecule, the neuraminidase (NA), carries the third. Paramyxoviruses, such as Sendai virus and simian virus 5 (SV5), have a different grouping of these functions. They encode an HN molecule which combines receptorbinding and -destroying activities, whereas the distinct F protein is associated with cell penetration by membrane * Corresponding author.
fusion. Such separation of function was confirmed by individual cell surface expression of the SV5 HN and F proteins from cloned cDNAs inserted into a simian virus 40 (SV40) vector system (31) . The MV HA and F proteins have been associated, respectively, with receptor binding and membrane fusion, but neuraminidase activity has not been detected in association with measles virions (29) . Despite such putative separation of function, several monoclonal antibodies that specifically immunoprecipitate the MV HA protein have been found simultaneously to exhibit hemolysin-inhibiting activity (11, 30, 42) . Since such activity is usually felt to be characteristic of antibodies directed to the virus F protein, a possible role of the MV HA protein in membrane fusion activity has been suggested.
The nucleotide sequence of the mRNA which encodes the MV HA predicts a protein of 617 amino acids with a calculated Mr of 69,250 (1) . This figure is in close agreement with size estimates for the unglycosylated in vitro synthesized HA protein (1, 33) . The only hydrophobic region within the deduced amino acid sequence of the MV HA protein which is of a length and hydrophobicity sufficient to anchor the protein in membranes lies between amino acid residues 35 and 58 near the amino terminus of the molecule. Amino-terminal membrane insertion of a surface glycoprotein appears to be a feature common among negative-strand RNA viruses. Such an orientation has been demonstrated for the influenza A virus NA protein (8) and suggested for the influenza B virus NA protein (37) , as well as the HN proteins of Sendai virus, SV5, Newcastle disease virus, and human parainfluenza virus type 3 (9, 14, 20, 36 ). An exact mechanism for postulated cotranslational membrane insertion of proteins anchored in membranes by their amino termini has not been determined.
We report high-level expression of biologically active MV HA from cloned cDNA in eucaryotic cells with a helper-free adenovirus type 5 (AdS) vector. This allows in vivo synthesis of the HA protein in reproducibly quantifiable fashion in the absence of the other MV-specific proteins. This provides a system in which it will be possible to investigate the aspects of the biologic role and function of the HA protein, including (i) the contribution of different regions of the HA protein in its functional roles, (ii) the absence of detectable NA activity in association with the HA protein, (iii) the sequences involved in the transport and association of the HA protein with the cellular membrane, (iv) the possible role of the HA protein in modulating the activity of the F protein, and (v) the ability of hybrid virus-generated immune responses to HA or other individual virus-specific proteins to induce immunity to MV infection. Ad5PyR39 (26) and Ad5MV/HA hybrid viruses were propagated by infecting 293 cells at an MOI of 5 to 10 PFU per cell and harvesting cells and medium after 48 to 72 h of incubation at 37°C. Maximum levels of infectious hybrid adenovirus were released from the infected cells by at least three cycles of repetitive freezing and thawing. Virus titers were determined by plaque assay on 293 cells.
MATERIALS AND METHODS

Cells
Construction of Ad5MV recombinant plasmids. Plasmid pMCV2-SV24, derived from pMPCV-2 (12, 25) , was used as a vector for construction of measles-adenovirus hybrid plasmids (see Fig. 1 the MV HA-coding region. Correct orientation and positioning of fragments during these cloning protocols was confirmed by restriction endonuclease digestion or nucleotide sequence analysis or both. The final recombinant plasmid was designated pMCV2MV/HA (see Fig. 1 ). Construction of Ad5MV hybrid viruses. Recombinant plasmid pMCV2MV/HA was used to generate recombinant viruses during in vivo homologous recombination (7) between linearized plasmid DNA and a large right-end fragment of the AdS genome (see Fig. 1 (15) but without digestion with proteinase K. Poly(A)+ RNA was purified by using oligo(dT)-cellulose affinity chromatography as previously described (10) . The variety and size of the mRNA species were determined by electrophoresis on 1.0% agarose gels containing 6% formaldehyde (24) , transfer to nylon membranes, and sequential hybridization and rehybridization with different 32P-labeled DNA probes (16) as described by Thomas (40 (1) which between them contained a complete representation of the mRNA encoding the HA in MV-infected cells. Since it is possible that regions containing multiple consecutive GC base pairs interfere with the efficiency of RNA transcription from DNA templates, the GC tails generated during the original cDNA cloning were removed before the HA-coding region was used in construction of a hybrid transcription unit. In addition to the MV HA-coding region, this transcription unit (Fig. 1) consisted of a portion of the Ad2 genome containing the major late promoter, a cDNA copy of the Ad2 tripartite leader sequence (43) attached to the HA-coding region at an XhoI site within the third adenoviral leader, and the SV40 early region 3'-end processing signal. During MV replication, virusspecific RNAs are transcribed from the negative-strand RNA genome by a virus-encoded RNA-dependent RNA polymerase. Hence, MV transcription units do not contain promoter sequences that are recognized by eucaryotic RNA polymerase II and are not expected to contain 3'-end formation signals which would be recognized by DNA-dependent RNA polymerases. The HA-coding-region-specific DNA used in construction of the hybrid transcription unit contained neither a promoter nor a counterpart to the consensus polyadenylation signal, AATAAA. Therefore, the Ad2 major late promoter was introduced upstream of the coding region and a portion of the SV40 genome containing the early region polyadenylation signal was placed downstream of the coding region.
The resulting hybrid transcription unit was used to replace the region between 1.0 and 9.1 m.u. of the AdS genome to yield the recombinant virus Ad5MV/HA2 (Fig. 1) Ad5PyR39 recombinant virus, were analyzed (Fig. 2) by purification of cytoplasmic poly(A)+ RNA, electrophoresis through 1.0% agarose gels containing 6% formaldehyde, transfer to nylon membranes, and hybridization of the same membranes successively to 32P-labeled DNA probes derived as outlined in the diagram at the bottom of Fig. 2 downstream region probe (probe C) detected the larger two (corresponding to lengths of about 2,500 and 3,500 nucleotides) of the three mRNA species detected by the MVspecific probe (probe A) but not the smallest (about 2,200 nucleotides long) species. As expected, no bands were detected in AdSPyR39-infected 293 cells with the MVspecific probe. The three species of MV-specific mRNA (approximately 2,200, 2,500, and 2,500 nucleotides long) were consistently detected in AdSMV/HA2-infected 293 cells. The length of an mRNA transcript from Ad5MV/HA2 which would begin with the tripartite leader, continue through the MV HA-coding region, and terminate at or near the AATAAA sequence at nucleotides 2657 to 2652 of the SV40 DNA sequences would be 2,173 nucleotides, exclusive of poly(A) sequences. Although definite identification was not possible, the mRNA species about 2,200 nucleotides long detected in AdSMV/HA2-infected cells and lacking both upstream and downstream Ad5 sequences probably corresponds to such a transcript. The longer transcripts apparently represent readthrough of the SV40 3'-end processing signal and termination within Ad5 sequences as has been described in a similar hybrid virus that expresses hepatitis B virus surface antigen (13) . In addition, the heterogeneity of the MV-specific mRNA species may also reflect aberrant splicing events (6, 12) . noprecipitation with anti-HA serum (Fig. 3) . The 293 cells are nonpermissive for MV replication, and levels of virusspecific protein synthesis are lower than in permissive cell lines (Fig. 4) . Synthesis of MV HA in MV-infected 293 cells could not be detected above the background of host cell protein synthesis without immunoprecipitation. However, immunoprecipitation revealed that HA was indeed synthesized in these cells at late times after MV infection (data not shown) and was maximal at 16 to 22 h postinfection and that the HA synthesized comigrated exactly with HA synthesized during MV infection in permissive CV1 cells (Fig. 4) Quantitation of the relative levels of HA protein synthesized was performed by densitometric analysis of band intensity of autoradiographs exposed within the linear response range of the photographic film used. Densitometry was performed on three different autoradiographs representing maximal protein synthesis during three different and independent cell infections and gel analyses, including the lanes labeled Tm-in Fig. 4 To determine whether HA synthesized in Ad5MV/HA2-infected cells is glycosylated, we examined polypeptide synthesis in cells treated with tunicamycin (an inhibitor of N-linked glycosylation) and subsequently labeled with
[35S]methionine (Fig. 4) . In the presence of tunicamycin, wild-type HA is not glycosylated and therefore migrates faster than its glycosylated form. HA synthesized in Ad5MV/HA2-and MV-infected cells showed an identical increase in electrophoretic mobility when infected cells were radiolabeled in the presence of tunicamycin. It thus appears that HA synthesized in Ad5MV/HA2-infected cells is normally glycosylated.
Expression of MV HA during Ad5MV/HA2 infection in cell lines not expressing complementary Ela-Elb functions. To determine whether the El deletion-defective Ad5MV/HA2 hybrid virus was able to direct expression of detectable levels of HA in cells which were not previously transformed by adenovirus and hence did not express complementary Ela-Elb functions, HeLa and Vero cells were infected with Ad5MV/HA2 at MOIs of 20, 100, and 500 to 700. No HA expression was detectable at any time after infection at an MOI of 20, and only minimal expression was seen after infection at an MOI of 100 (data not shown). However, at MOIs of 500 to 700, significant expression of HA was seen in both cell lines at very late times after infection (Fig. 5) . At 48 to 50 h postinfection, densitometry revealed that the level of HA expression in Ad5MV/HA2-infected HeLa or Vero cells was approximately 35 to 40% of that seen in 293 cells. Neither a cytopathic effect nor cell death resulted up to 1 week after such high-MOI infection of HeLa or Vero cells, confirming defective replication of the hybrid virus in cells not expressing complementary El functions.
Immunofluorescence analysis of subcellular localization of HA expressed in Ad5MV/HA2-infected 293 cells. Indirect immunofluorescence analysis of uninfected 293 cells, as well as of 293 cells infected with MV, the Ad5PyR39 recombinant virus, or the Ad5MV/HA2 recombinant virus, was performed with rabbit polyclonal antiserum raised to purified MV HA and a biotinylated second antibody-fluoresceinstreptavidin detection system (Fig. 6 ). Ad5PyR39-infected 293 cells were indistinguishable from uninfected 293 cells with minimal or absent fluorescence, whereas Ad5MV/ HA2-infected cells demonstrated strong surface fluorescence indistinguishable from that seen in MV-infected cells.
The HA protein synthesized in Ad5MV/HA2-infected cells thus appeared to be efficiently transported to the cell surface after synthesis.
Biologic activity of MV HA expressed on the surface of (Fig. 3) , but a significant number of the cells was already involved in hemadsorption without exhibiting any associated syncytium formation (Fig. 7 The HA protein expressed in cells infected with the recombinant virus is transported normally to the cell surface, as shown by indirect immunofluorescence and by bioassay for the biologic activity of the protein by hemadsorption. It had previously been suggested that normal cell surface expression of the analogous Sendai virus HN protein requires interaction with the virus M protein (34, 35 scription unit similar to ours led to synthesis of 10-foldhigher levels of the polyomavirus protein than those seen in polyomavirus-infected 3T3 cells (12) . It must be remembered, however, that the level of MV HA protein expression in CV1 cells is initially orders of magnitude higher than the level of middle-T-antigen expression in 3T3 cells (2) . The total amount of MV HA-specific mRNA transcription was significantly higher in Ad5MV/HA2-infected 293 cells than in MV-infected 293 or CV1 cells. However, only a single species of mRNA was detectable in MV-infected cells, whereas multiple species of mRNA were detected in Ad5MV/HA2-infected cells. The most abundant species of mRNA synthesized in Ad5MV/HA2-infected cells represented readthrough transcripts probably resulting from inefficient utilization of the SV40 early region 3'-end processing signal. Similar readthrough transcripts have previously been reported for similar hybrid adenoviruses that express the hepatitis B virus surface antigen (13) , SV40 proteins (41) , and polyomavirus proteins (12 
